measurements at less than hourly intervals in this study. The method described here was developed and tested using a coupled system consisting of a commercial water vapor isotopic source device and a commercial water vapor isotope analyzer [Los Gatos Research (LGR) model WVIA-24] based on the off-axis integrated cavity output spectroscopy (off-axis ICOS) technique. The isotope analyzer shows a time-dependent response that varies with water vapor mixing ratio, suggesting the need of regular (hourly) calibration achievable by a single reference water source evaluated at a range of mixing ratios. By using a three-point calibration procedure with a range of userspecified water vapor mixing ratios, the authors were able to produce hourly d H) in the laboratory. The calibration procedure reliably produced data that were consistent with those collected by the conventional cryogenic method in an old-growth forest.
Introduction
Isotope-enabled general circulation models (GCMs) are a unique tool to compare the stable isotope ratios in precipitation (d 18 O and d 2 H) in contemporary and paleoclimatic conditions (Joussaume et al. 1984 Hoffmann et al. 1998; Joussaume et al. 1984; Jouzel et al. 1987; Sturm et al. 2005) . Breakthroughs in absorption spectroscopy technology lead to the popularity of commercially available optical-based isotope spectroscopy analyzers. Next-generation gas analyzers are field-deployable and have the potential for in situ stable isotope ratio measurements of atmospheric trace gases. Data comparison between spectroscopy analyzers and isotope ratio mass spectrometry are important and should be chronically reported by diverse research groups conducting experiments in a wide range of laboratory and environmental conditions, as these spectroscopy analyzers continue to improve.
Recent studies examined the performance of cavityenhanced absorption spectroscopy instruments for water vapor isotope ratio measurements using a variety of calibration protocols (Gupta et al. 2009; Iannone et al. 2010; Schmidt et al. 2010; Sturm and Knohl 2010; Wang et al. 2009 ). Previously a dewpoint generator (Li-Cor 610, Lincoln, Nebraska) was used to produce a reference vapor stream of known isotopic composition (Wang et al. 2009 ). The dewpoint generator has been shown as a nonideal Rayleigh distillation device (Lee et al. 2005) . In addition, the reference water requires at least 12 h to reach equilibrium in the condenser block inside the dewpoint generator, and it cannot be run more than 24 h without interruption (Wang et al. 2009 ). These limitations prohibit the use of a dewpoint generator for unattended field sampling. To overcome this problem, a continuous, steady water vapor source of consistent isotopic composition is necessary. This led to the development of a ''dripper'' system, which completely vaporizes an aliquot without fractionating the stable isotopologues of reference liquid water, to calibrate water vapor samples in a tunable diode laser absorption spectroscopy analyzer (Campbell Scientific, Inc., TGA 100A, Logan, Utah; Lee et al. 2005) . Similar to this idea, recent studies (Gupta et al. 2009; Schmidt et al. 2010; Sturm and Knohl 2010) used a modified injection/evacuation system to introduce a completely vaporized reference water sample into a heated dry-air mixing chamber. Periodically, an absorption spectroscopy analyzer samples the reference mixture to monitor instrumental drift, and makes corrections to the unknown air samples based on the known isotopic composition of the reference water.
In Here we present a user-configurable calibration procedure achievable by the use of a single reference water source at a range of mixing ratios in field conditions. We first present experiments that determined the accuracy and precision of the analyzer in the laboratory. Using the calibration routine developed in the laboratory, the system was field-tested in an old-growth coniferous forest. We show that the LGR water vapor isotope ratio system (WVIA calibrated regularly by WVISS) reliably operated over the range of water vapor mixing ratios from 5000 to 24 000 ppm during our experimental period.
Methods
We evaluated the commercially available Los Gatos Research Water Vapor Isotope Analyzer (model WVIA-24) in laboratory and field conditions. The analyzer provides simultaneous mixing ratio measurements of water isotopologues in water vapor at a maximal scan rate of 2 Hz. The analyzer uses a near-infrared diode laser scanning over three absorption lines near the 1.4-mm wavelength for H 2 O, HDO, and H 2 18 O. The analyzer is based on an off-axis integrated cavity output spectroscopy (OA-ICOS) technique described in detail by Baer et al. (2002) . The long pathlength of the LGR OA-ICOS analyzer (a ;5000 increase in the ratio of pathlength to cell length) provides high sensitivity and precision for isotopologue ratio measurements in atmospheric trace gases. The OA-ICOS absorption spectroscopy was shown capable of handling water isotopologue ratio measurements in extremely low mixing ratio environments (Sayres et al. 2009 ).
a. Water vapor isotope standard source system
A WVISS unit manufactured by Los Gatos Research provides steady reference vapor streams to calibrate the WVIA. The WVISS offers the potential of performing automated, unattended calibrations for prolonged durations. An external diaphragm vacuum pump (KNF, N920AP.29.18) downstream of the analyzer draws air into the WVIA at a typical flow rate of 800 mL min 21 in our experiments (pump 2; Fig. 1) . A three-way valve inside the WVISS controls airflow by switching between ambient inlets and WVISS reference air. During calibration ambient air is drawn by a compressor and passed through a two-stage desiccation process lowering water vapor mixing ratios below 10 ppm. A mass flow controller regulates the flow of dry air into a 1-L mixing chamber heated to 808C. A nebulizer administers a mist of reference water into the heated chamber, providing complete vaporization without fractionating the reference water. Once the calibration cycle completes, the three-way valve automatically switches back to its default position to resume air sampling from ambient inlets. A user-configurable program in the WVIA fully and automatically controls the valve switching inside the WVISS and the intervals and durations of a calibration cycle.
b. Calibration protocol
We used a three-point calibration procedure spanning a range of reference water vapor mixing ratios encompassing those observed in the ambient air. Every hour, reference gas (air containing isotopically known water vapor) was introduced at three levels of mixing ratios: 16 000, 10 000, and 5500 ppm, each for 260 s. Figure 2 shows an example of the mixing ratios measured from four ambient inlets bracketed by hourly reference gases aforementioned. For each duration of a given reference level, readings from the first 80 s were discarded and the data from the subsequent 170 s were averaged to produce hourly 18 O and 2 H ratios at three reference mixing ratio levels.
c. Laboratory evaluation
To determine the WVIA's accuracy and precision, we performed a laboratory experiment in which two water bottles of known isotopic composition were repeatedly measured in 10 separate rounds. One bottle served as a reference producing average 18 O and 2 H ratios at three levels of water vapor mixing ratios. The other bottle was treated as an unknown. We alternated the connection between the two bottles of water with the WVISS, which generated unfractionated vapor streams (d 18 O 5 215.9& 6 0.2& and d 2 H 5 2121.0& 6 0.5&) that were subsequently measured by the WVIA at 258 6 38C in the laboratory. For each round of the experiment, we ran the reference gas for 6 min at each of the three levels of mixing ratios (22 000, 14 000, and 6000 ppm). To ensure no memory effects from the residual water, we purged the system by running dried air through the WVISS until the mixing ratio dropped below 500 ppm. The system was then switched to measuring the unknown water bottle. Vapor streams from the unknown water bottle were measured at a high (;17 000 ppm) and a low (;7600 ppm) range, each for 10 min, followed by a purge of dry air before returning to measuring the reference water bottle. The same procedure was repeated 10 times using the two water bottles with dry air purged between runs.
d. Calibration curves for data correction
Uncalibrated readings recorded by the WVIA were analyzed to examine the sensitivity of water vapor isotope ratios to changes in mixing ratios. A second-order polynomial function was fitted to the mean of the recorded isotope ratios at the three designated levels of reference water vapor mixing ratios. Calibration curves were developed separately to characterize the response to variations in the 2 H and O measurements recorded by the instrument as a function of the water vapor mixing ratio, using the formula below:
FIG. 1. A schematic of experimental setup. In the field experiment, ambient air samples were pulled from three heights by a diaphragm pump (pump 1) and passed through the WVISS unit before entering the WVIA. An additional heated Teflon tube (HT) was installed at 1 m.
where a represents the ratio between the isotopic composition reported by the WVIA and the true value of the reference water, and w is the water vapor mixing ratio reported by the WVIA. Values of a vary as a function of the mixing ratio as described by a second-order polynomial equation (Coplen 1996) :
where R is the molar ratio of heavy to light isotopes.
e. Field evaluation
1) STUDY SITE
We installed the water vapor isotope system in the Wind River Experimental Forest near Carson, Washington, in late August 2010, to evaluate its performance based on the calibration protocol developed in the laboratory. The Wind River site is a 5001-yr-old-growth coniferous forest and has been an active research station for stable carbon and water isotope studies as a part of the AmeriFlux network (Lai and Ehleringer 2011; Lai et al. 2006 Lai et al. , 2005 Lai et al. , 2004 . Dominant species include Douglas fir (Pseudotsuga menziesii), western hemlock (Tsuga heterophylla), and western red cedar (Thuja plicata) with an average canopy height of approximately 60 m. Temperature and rainfall variations are highly seasonal, ranging from a mean minimum 23.78C in January to a mean maximum 26.98C in July (Bauerle et al. 1999) .
2) EXPERIMENTAL SETUP FOR AIR SAMPLING
Ambient air was drawn from three different heights (1, 10, and 60 m) through 1 /40 diameter polytetrafluoroethylene (PTFE) tubing using a diaphragm pump at a flow rate of 0.5 L min 21 (KNF Neuberger Model UN811 KNI,
In situ sample data collected from four inlets with hourly calibrations lasting 15 min. The upper graph represents a 90-min period spanning two calibrations to reveal our automatic step-down calibration scheme.
115-V, 60-Hz; pump 1 in Fig. 1 1 H, were calculated each hour and the ambient air data recorded by the WVIA within the hour were corrected following the procedure as outlined in the method section.
Results

a. WVIA accuracy and precision from laboratory experiments
Regular calibration is necessary for the LGR water vapor isotope analyzer (model WVIA-24) for maximum accuracy due to the observed variability in the laboratorycontrolled experiment. Figure 3 shows the results from the laboratory experiment in which two water bottles of known isotopic composition were repeatedly measured as outlined in the methods. The run-to-run variability observed in both O. The observed variability suggests the need of regular calibration if the analyzer is to be employed in field experiments when rapid changes in the atmospheric water vapor mixing ratios and large environmental fluctuations can be expected. Figure 4 shows the comparison between corrected and uncorrected d 1.2& 6 0.5& at both high and low mixing ratios, while overestimated the true d 2 H value by 1.1& 6 0.5& at high mixing ratios and by 2.8& 6 0.4& at low mixing ratios. Using the three-point calibration, we were able to improve the errors to within 60. Figure 5 shows the uncalibrated WVIA's sensitivity to the temperature fluctuation inside the dry shack at two levels of mixing ratios. These temperature relationships were compiled from the reference gases generated by the same reference water bottle (d 18 O 5 215.9& 6 0.2& and d 2 H 5 2121.0& 6 0.5&) and subsequently introduced to the WVIA hourly during the month-long experiment. We separated the hourly temperatures into a low (138-248C) and a high (248-308C) range and there were distinct relationships between room temperatures and the isotope readings recorded by the WVIA for the three levels of mixing ratios. The statistical analyses of these linear relationships were summarized in Table 1 .
Uncalibrated readings recorded by the WVIA showed different temperature responses at the two temperature ranges. Ten out of the 12 slopes evaluated were significantly different from zero ( 21 from high to low levels of mixing ratios) temperature sensitivity was found for d
18
O at the high temperature range (248-308C). The WVIA's temperature sensitivity of d 2 H was somewhat mediated but still statistically significant at higher temperatures (Table 1 ; Fig. 5 ). Our laboratory results showed that the bias resulting from WVIA's temperature sensitivity can be fully removed by a multipoint calibration routine when operated in conjunction with a WVISS.
Discussion
In this study we presented a calibration protocol for in situ, high precision water isotopologue measurements by an OA-ICOS instrument. The primary finding of the study is that the calibration protocol described herein allows accurate and precise measurements to be recorded by the LGR water vapor isotope analyzer when it operates in conjunction with the water vapor isotope standard source unit. We have shown that routine measurements of known isotopic water vapor reference samples effectively compensate for the finite temperature response of the WVIA (model WVIA-24). For maximum accuracy and precision, we recommend using a three-point calibration routine. A three-point calibration scheme was regularly used for trace gas monitoring (Bollenbacher et al. 2000) . A unique feature of the calibration protocol described here is that the uncertainty in the isotope ratios reported by the analyzer is FIG. 5 . The uncalibrated WVIA's temperature sensitivity for two ranges of room temperature in the field experiment. Each data point represents an hourly average for a total of 663 h of data points. The lines represent least squares linear regression with the statistics summarized in Table 1 . Only data from two levels of mixing ratios were shown. O, has traditionally been used as a diagnostic tracer to identify the origin of vapor sources and moisture recycling (Gat 2000) . (Fig. 6a, insert) showed a diel pattern similar in magnitude to those previously reported in this forest (Lai and Ehleringer 2011 (Fig. 6b) . Using an H 2 O isotope balance model developed by Lai et al. (2006) and Lai and Ehleringer (2011) showed that atmospheric mixing largely explained the diel pattern in the observed d excess in this forest. Lower d-excess values in the early morning can be attributed to air entrainment from the free troposphere as the boundary layer rapidly developed because of surface heating. The higher d-excess values observed in the midday can be explained by the horizontal advection of surface evapotranspiration from the upwind area. Evaporation was shown to increase d-excess values in the atmospheric moisture over the Great Lakes and the Mediterranean Sea (Gat et al. 1994 (Gat et al. , 2003 . The uncorrected d excess would have shown negative values throughout this day, clearly a bias due to errors in the uncalibrated d by the WVIA. In that regard, having accurate d
